The compounds Ca3UO6 and Sr3UO6 are isomorphous and can be regarded as deformed substituted perovskite structures. They have been refined by a full-matrix least-squares method using X-ray and neutron-diffraction powder data. The uranium atoms are surrounded by six oxygen atoms at an average distance of 2.13/~.
Introduction
As part of a programme of research on uranium compounds, a powder diffraction study was undertaken on the alkaline earth metal uranates Ca3UO6, Sr3UO6 and Ba3UO6. The crystal symmetry of the first two compounds had been previously determined to be orthorhombic (Bereznikova, Ippolitova, Simanov & Kovba, 1961; Ippolitova, Bereznikova, Kosynkin, Simanov & Kovba, 1961; Sleight & Ward, 1962) while the symmetry of the latter had been described as cubic by Sleight & Ward (1962) .
The calcium and strontium uranates were prepared by igniting stoichiometric mixtures of U308 and CaCO3 or Sr(NO3)2 in air at temperatures of 1000°C for periods of weeks (Cordfunke & Loopstra, 1965) . The barium uranate had to be prepared by ignition of a stoichiometric mixture of U308 and Ba(NO3)2, in a nickel boat in an argon atmosphere at 1000°C, to avoid the reaction of any of the components of the mixture with the normally used platinum container.
The calcium and strontium uranate samples were free from detectable amounts of impurities, but the barium compound showed some very faint impurity lines on its X-ray powder diffraction diagram.
Experimental
X-ray diffractograms of the calcium and strontium uranates were recorded with Ni-filtered Cu Kc~ radi-* Work sponsored jointly by Reactor Centrum Nederland,
The Netherlands, and Institutt for Atomenergi, Norway. ation, on a Philips PW-1050 powder diffractometer, which obviates the need for absorption corrections due to the special sample orientation. In addition, and in order to obtain the highest possible resolution on these powder diagrams, Guinier films of all three samples were taken with Cu Ke radiation. These diagrams were superimposed with NaCI lines for calibration purposes.
Neutron-diffraction data of Ca3UO6 and Sr3UO6 were recorded on the powder diffractometer at the Petten HFR. No absorption corrections were necessary, because of the small absorption of these materials for thermal neutrons. The sample was contained in a cylindrical vanadium sample holder of 0.25 mm wall thickness and 20 mm diameter. Monochromatic radiation with a wavelength of 1.094 A~ was obtained from the 200 reflexion of a copper monochromating crystal. Soller slits of 5' angular divergence were mounted in front of the BF3 counter and slits of 5½' angular divergence were placed between the reactor and the monochromator. With the reactor operating at 20 MW thermal power, it took one week to collect a set of data.
Unit-cell determination
An inspection of the Guinier films showed, in all cases, line splitting that indicated a lower symmetry than was previously determined. The special focusing action of this type of camera, which reduces the el and c~2 resolution, made it possible to observe these line splittings with an accuracy of 0-025 ° in 20. In the case of the calcium and strontium compounds, it was possible to account for this by taking a monoclinic cell instead of an orthorhombic cell. The barium uranate lines could be indexed, except for three very weak lines, on a tetragonal cell which was one-half of the previously mentioned cubic cell. The cell constants were adjusted by means of a least-squares technique to give the best agreement between calculated and observed line spacings, expressed as Q values where Q = lid 2 × 104/~-2.
A list of these values appears in Table l, and the cell  constants are shown in Table 2 .
It may be noticed here, that on these Guinier films, only reflexions with h + k + l= 2n, indicating a bodycentred cell, were recorded. This is partly caused by the relatively short exposure-times, but also by the fact that the uranium and alkaline earth metal ions, which act as heavy scatterers for X-rays, form an approximately body-centred unit-cell. Longer exposures on the X-ray spectrometer yield lines which are no longer consistent with this condition. In particular, reflexions obtained by neutron diffraction, in which case all atoms have approximately the same scattering power, show clearly that the actual cell is not body-centred (Table 5) .
Structure determination
In view of the fact that there was some uncertainty in the choice of the unit cell of Ba3UO6 owing to the presence of three unindexed lines, it was decided not to pursue the analysis of this compound any further.
An inspection of the X-ray and neutron diffraction diagrams of Ca3UO6 showed that all 0k0 reflexions with k odd were systematically absent, a condition which corresponds to that of the monoclinic spacegroups P21 or P21/m. Using the corrected peak intensities of 43 well resolved lines on the Guinier film of this uranate, a three-dimensional Patterson synthesis was computed which yielded approximate positions for the U and three Ca atoms. The U-Ca peaks were markedly elongated in the y direction, indicating that they were lying slightly out of the XZ-plane. This eliminates the possibility that this plane can be a mirror plane, and this, therefore, leaves only P21 as a possible choice. In addition, because the U atom was not in a special position, and only one U-U vector was found in the Patterson synthesis, it was concluded that there were only two molecules of Ca3UO6 in the unit cell. This was later confirmed by density measurements.
A three-dimensional electron-density synthesis with phases given by U and the three Ca atoms in the asymmetric unit cell yielded improved coordinates for these atoms and also six rather badly defined peaks. A repeated application of this procedure improved the shape of these peaks, and subsequently they were identified as belonging to the six oxygen atoms in the asymmetric unit cell. The fact that positions of oxygen atoms could be obtained from these rather inaccurate X-ray diffraction data was surprising and may be regarded as purely fortuitous: the same treatment of strontium uranate failed to reveal the positions of the oxygen atoms.
In view of the close resemblance between the calciumand strontium-uranate X-ray and neutron-diffraction diagrams, these compounds can be regarded as isomorphous, and no further determination of the strontium-uranate structure was required at this stage. The X-ray diffraction diagram of the barium compound also shows a resemblance to those of the other two uranates, but without a neutron diffraction diagram it can only be assumed that the cell formed by the heavy atoms will be isomorphous with the others.
Structure refinement
While the Guinier-film intensities were well resolved, their peak intensities, which were not corrected for absorption, could only be regarded as rather crude approximations to the integrated intensities that actually should be used for further refinement of the structure. However, the integrated intensities available from the X-ray and neutron diffraction diagrams suffered from overlap to such an extent that it was not possible to separate the peaks with any degree of accuracy. Resort, therefore, had to be taken to a special procedure that made full use of the information contained in these accurately measured, but overlapping, intensities. To this end, a structure-factor least-squares program was written that was especially adapted to the particular conditions met in powder-diffraction work.
The program is coded in machine language and uses the full-matrix refinement method. This requires a large storage capacity of the computer: with the available Electrologica X-1 computer, having a storage capacity of 8192 words, it is possible to refine up to 33 selected parameters simultaneously. These parameters consist of the overall isotropic temperature factor, the overall scale factor, and anyone of the individual isotropic temperature factors or atomic coordinates. The function to be minimized is defined as ,Sw (ZjF2b~--ZjF~a1~) 2 i r r
where Fobs and Fcalc are the observed and calculated structure factors, j is the multiplicity of the reflexion, w its weight, Z the sum of the overlapping reflexions F which are measured as one intensity, and Z the sum i over the measured intensities, i.e. ZjF2b~ after correcting for Lorentz (and polarization) factors. The only restriction on the structures to be refined is that their symmetry should be lower than tetragonal (i.e. no permutations in the coordinates of the equivalent positions are allowed)~ In spite of the use of a full-matrix refinement procedure, it takes up to ten cycles to refine a structure. In addition, it is necessary to apply a 'relaxation factor' to the calculated parameter shifts. This factor sometimes has to be as small as 0.2, particularly when the excess of the number of intensities over the number of least-squares parameters is not very large or when the initial parameters have been badly chosen.
The X-ray scattering factors for the U 6+, Ca 2+ and Sr 2+ ions and the O atoms, used in the refinement of these uranate structures, were those computed by Cromer & Waber (1964) . The neutron scatteringlengths were taken to be 8.5 for U, 4-9 for Ca, 5.7 for Sr, and 5.77 for O (all in units of 10 -13 cm). No attempt was made to refine the individual isotropic temperature factors, because these appeared to be ill defined because of the small range (0.11 A -2) of sin20/22 over which the intensities were measured. Instead, these temperature factors were set at initial values and corrected with the calculated change in the overall isotropic temperature factor. The values were B=0.1 A 2 for the U atom, 0.6 A 2 for Ca, 0.3 A 2 for Sr and 1.5 A 2 for the O atom.
For the refinement of calcium uranate, 45 integrated intensities, comprising 100 independent reflexions, were measured from the X-ray diffractogram, and, in addition, 17 unobserved reflexions were included having intensities arbitrarily set at one-tenth of the integrated background at their calculated position. All were corrected for Lorentz and polarization factors. In the absence in this case of any reliable criterion for assessing the accuracy of the measured intensities, the leastsquares weights were put equal to one for the observed and to one-tenth for the unobserved reflexions. With the coordinates from the final electron-density synthesis as initial parameters, twelve refinement cycles were needed to reduce the R index, defined as Z] • 2 .2 Z J F obs-Z J F c.ale I / Z ,S j F2ot, s, i r r i r from 0.208 to 0.051. At this stage no further reduction in the value of the minimum function could be obtained, and all calculated shifts were less than 0.3or where a is the standard deviation in the parameter computed in the usual manner from the least-squares calculation.
The neutron-diffraction counter data of Ca3UO6 consisted of 33 intensities and 17 unobserv edintensities which were put equal to half the standard deviation of the background at their calculated positions. These intensities, after having been corrected for the Lorentz factor, were used to refine the coordinates obtained from the least-squares refinement of the X-ray data. The weight of the reflexions was calculated from the expression w=I/(N~+N~) where N~0 is the integrated peak plus background intensity and Nb the background intensity. The weights of the unobserved reflexions were arbitrarily set at one tenth of this value. It took eight cycles to reduce R from 0.19 to 0.061. The final coordinates, together with those obtained from the X-ray refinement, are listed in Table 3 .
The refinement of strontium uranate was carried out with neutron diffraction data only. There were available 38 intensities and 19 unobserved intensities which were treated in the same way as described above. With the calcium uranate coordinates as initial parameters, 9 cycles were needed to decrease R from 0.22 to 0.094. A list of the final coordinates appears in Table 4 .
The values ofjF~ot,~ and jF~a,¢ for the neutron diffraction data of the calcium and strontium compounds and of the X-ray data of the calcium compound are listed in Table 5 .
Discussion
The two sets of coordinates for calcium uranate (see Table 3 ) can be considered to be equal within the limits set by their standard deviations. For a bond length and bond angle calculation however, it was decided to use the X-ray coordinates of the U and Ca atoms and the neutron coordinates of the O atoms. This was done because X-ray diffraction techniques can define the position of the heavy U and Ca atoms better than the position of the relatively light O atoms, a fact which is brought out by the smaller standard deviations in the coordinates of the former atoms. Table 6 lists the more important atomic distances and angles of the calcium and strontium compounds. 1 shows a perspective drawing of an idealized substituted perovskite structure. The large parallellepiped indicates the unit cell on which the uranate structures have been described. The two smaller cubes are octants of the cubic unit cell on which the perovskite structure is normally described. The cube corners are occupied by alkaline earth metal ions which are coordinated by twelve oxygen atoms. Their centres are alternately occupied by a uranium ion and an alkaline earth metal ion, each surrounded by an octahedral configuration of six O atoms. The position of these O atoms is slightly off the centre of the cube faces in the direction of the uranium ion. This idealized structure is supposed to be purely ionic and this results in the U-O-Ca bonds being exactly collinear.
It is clear from Fig. 2 , which is a perspective drawing of the actual Ca3UO6 structure, that the essential features of the idealized structure have been retained. The structure is however, markedly deformed. In particular the U-O-Ca bonds are no longer collinear, but make an average angle of approximatly 140 °. This is caused by the covalent character of these bonds which, by using the non-collinear 2p orbitals of the O atom, are prevented from being at an angle of 180 ° to each other.
From an inspection of Table 6 , it is clear that the six U-O coordinate bonds are not equal. However, some significance can be attached to their average value if the root mean square (r.m.s.) deviation of this value does not appreciably exceed the average standard deviation (6) of the individual bonds. A list of the appropriate values, together with those of the Ca-O and Sr-O coordinate bonds, appears in Table 7 . The r.m.s. deviation of the average U-O bond in Sr3UO6 is seen to exceed more than twice the average standard deviation which indicates that no significance can be attached to this value. The other three bond lengths, however, constitute good averages, on the ground of the agreement between their r.m.s, deviation and their average standard deviation. Assuming an 0 2--radius of 1.4 A, the following ionic radii are obtained: 0.74 A for U 6+, 0.91 A for Ca 2+ and 0.97 fi~ for Sr 2+. The latter two radii are shorter than the values normally stated, i.e. 0.99 and 1"12 • for Ca 2+ and Sr 2+ respectively (Evans, 1964) . This also points to the covalent character of the coordinate bonds. However, in view of their large standard deviations no further significance can be attached to these values.
